Abstract: This paper analyses the bivariate relationship between flood peaks and corresponding flood event volumes modelled by empirical and theoretical copulas in a regional context, with a focus on flood generation processes in general, the regional differentiation of these and the effect of the sample size on reliable discrimination among models. A total of 72 catchments in North-West of Austria are analysed for the period . From the hourly runoff data set, 25 697 flood events were isolated and assigned to one of three flood process types: synoptic floods (including long-and short-rain floods), flash floods or snowmelt floods (both rain-on-snow and snowmelt floods). The first step of the analysis examines whether the empirical peak-volume copulas of different flood process types are regionally statistically distinguishable, separately for each catchment and the role of the sample size on the strength of the statements. The results indicate that the empirical copulas of flash floods tend to be different from those of the synoptic and snowmelt floods. The second step examines how similar are the empirical flood peak-volume copulas between catchments for a given flood type across the region. Empirical copulas of synoptic floods are the least similar between the catchments, however with the decrease of the sample size the difference between the performances of the process types becomes small. The third step examines the goodness-of-fit of different commonly used copula types to the data samples that represent the annual maxima of flood peaks and the respective volumes both regardless of flood generating processes (the traditional engineering approach) and also considering the three process-based classes. Extreme value copulas (Galambos, Gumbel and Hüsler-Reiss) show the best performance both for synoptic and flash floods, while the Frank copula shows the best performance for snowmelt floods. It is concluded that there is merit in treating flood types separately when analysing and estimating flood peak-volume dependence copulas; however, even the enlarged dataset gained by the process-based analysis in this study does not give sufficient information for a reliable model choice for multivariate statistical analysis of flood peaks and volumes.
INTRODUCTION
The relationship between flood peaks and flood event volumes, and the choice of appropriate statistical models for these are interesting topics both from a theoretical perspective (as it is a statistical fingerprint of catchment response) and from a practical point of view (the design of retention basins and identifying the extent and duration of flooding in flood hazard zones). Most of the recent research on statistical models of flood peakvolume relationships revolved around copulas for individual catchments (Bačová Mitková, 2012; Bačová Mitková and Halmová, 2014; Ben-Aissia et al., 2012; Chowdhary et al., 2011; Favre et al., 2004; Ganguli and Reddy, 2013; Genest and Favre, 2007; Karmakar and Simonovic, 2009; Poulin et al., 2007; Reddy and Ganguli, 2012; Shiau et al., 2006; Sraj et al., 2014; Zhang and Singh, 2006) . These studies examined parameter estimation methods and the suitability of particular copula types on the basis of a single or a few catchments. Sets of catchments were examined by Zhang and Sing (2006) or Grimaldi and Serinaldi (2006) ; though, none of them adopted a spatial perspective.
Estimating bivariate distributions from observed peakvolume pairs, however, is associated with substantial uncertainty due to the larger number of degrees of freedom relative to univariate distributions. Observed flood records of the required length are rarely available, and this poses a problem for reliable estimations of flood risk in bivariate design cases. This difficulty, however, may be overcome by adopting the principles of univariate regional flood frequency analysis to the multivariate case. The usual procedure of estimating flood peak distributions from short records is to pool a number of similar catchments in a region and estimate the parameters from the combined sample (Salinas et al., 2014) . There is a vast amount of well-known methods of regional flood frequency analysis ranging from the index flood method to more refined techniques, which will not be referenced here (e.g., Dalrymple, 1960; Gaál et al., 2013; IH, 1999; Kohnová and Szolgay, 1999) . They all build on the notion of catchment similarity (e.g., Rosbjerg et al., 2013) . A similar pooling procedure as is usual for univariate distributions could, in principle, also be applied to bivariate distributions. Such an attempt for the bivariate case was reported by combining copulas with bivariate quantile curves in Chebana and Ouarda (2009) , who also extended the well-known Hosking and Wallis tests (Hosking and Wallis, 1997) for the multivariate case Ouarda, 2007, 2009 ). These mostly theoretical studies were complemented by Requena et al. (2016) in order to arrive at a comprehensive statistical multivariate regional procedure using the multivariate index-flood models as a basis including guidelines for application.
Moreover, it is being increasingly recognized that the problem of estimating bivariate distributions cannot be approached from only a purely statistical perspective. In this respect, Serinaldi and Kilsby (2013) and Szolgay et al. (2016) highlighted the importance of studying the relationships between processes that generate the design variables and also the statistical techniques used to model them.
In this respect, however, less is known about the similarity of both empirical and theoretical peak-volume relationships between catchments attributable to different flood generation processes in a region from the perspective of comparative hydrology, which could aid to process-based statistical model selection. Gaál et al. (2012) therefore analysed the ratio of flood volumes and peaks (termed as flood time scale) based on the concept of comparative hydrology and compared catchments with contrasting characteristics in a regional context in Austria in order to understand the hydrologic and climatic controls on this ratio in a holistic way. The results described the roles of climate (through the type of precipitation generated), together with the attributes of the environment and flow generation processes (through antecedent soil moisture and soil characteristics) on the magnitude of flood time scales. Gaál et al. (2014) attempted to understand the causal hydrological factors controlling the strength of the relationship between flood peaks and volumes for the same data quantified by Spearman's rank correlation coefficient. The results suggested that the factors controlling the strength of the dependence are more related to climate instead of catchment characteristics. Szolgay et al. (2015 Szolgay et al. ( , 2016 aimed at analysing the formal suitability of various copula models of flood peaks and flood volumes, with a particular focus flood generating seasons (summer and winter floods) and processes (synoptic floods, flash floods or snowmelt floods) with the goal of going a little beyond the statistics alone in the choice of the copula functions from the perspective of engineering applications. Szolgay et al. (2015) also illustrated the importance of considering the influence of the length of data series through two simple simulation experiments. The results indicated that the acceptance of copula models can be conditioned on the flood types but the length of the series and possibly also the homogeneity of generation processes within a particular flood type within a region may play an important role and requires a more detailed analysis, which is attempted in this study.
The purpose of this paper is also to shed light on the dependence of flood peaks -flood event volumes from a regional/subregional perspective. In order to go beyond purely statistical analyses and understand the process controls, the paper adopts the concept of comparative analysis of flood process types in a climatically rather homogeneous region and its different, geologically homogeneous subregions. A more differentiated regional look at the selection of a hydrological processoriented copula model for flood peak/volume relationships is attempted as it was done in Szolgay et al. (2015 Szolgay et al. ( , 2016 , and the role of the length of the available data series is also analysed in more detail.
Specifically, the paper addresses four science questions: (i) How similar are the empirical peak-volume dependence structures of different flood types for a given catchment in a larger region and its subregions? (ii) How similar are the empirical peak-volume dependence structures between catchments for a given flood type in a larger region and its subregions? (iii) What copula types are most suitable for a given flood process type in a larger region and its subregions? (iv) How limiting are the usually available length of data series in aiding a processoriented regional bivariate copula-based model selection?
The paper is structured as follows. The next section introduces the pilot region with its 3 subregions, the runoff data used in the analysis and the rules which were used to identify and classify the rainfall-runoff events. Next, an individual section offers a brief overview of the copula methods. After this, the results of the study are presented. These are based on a statistical testing of equality of empirical copulas when, first, different flood processes are compared locally, and second, for a given flood type, data samples from different sites are compared regionally. In the last parts of the Results section, the goodness-of-fit of selected copulas to different data sets are shown. Finally, the last section discusses the outcomes of the study and indicates some possible paths to go along with such analyses for the future.
STUDY REGION AND DATA Study region
There is a wide variety of flood generation mechanisms across Austria due to different hydrological, climatological and geological settings (e.g., Gaál et al., 2012; Parajka et al., 2010) which also challenge the analysis of flood peak-volume relationships. In order to reduce this complexity, here, as in Szolgay et al. (2015 Szolgay et al. ( , 2016 , we restricted our analysis to a geographically limited area, namely to the Northern Lowlands region of Austria (Fig. 1) . The region covers approximately 20 000 km², with elevations ranging from about 400 to 1500 m a.s.l. From the climatological point of view, the western parts of the region are mainly under the influence of Atlantic air flows from the West or North-West. Annual rainfall ranges from about 500 to 1500 mm/year with a decreasing trend from the West to the East. Floods occur both in the summer and in the winter seasons. Summer floods are either produced by synoptic weather systems or localised convective events (flash floods). Winter floods are usually induced by rain-on-snow processes when antecedent snowmelt saturates the soils and relatively low rainfall intensities may then cause significant floods. Snowmelt floods without rain contributions also occur but are less important due to the relatively low elevations.
As in Szolgay et al. (2016) , three subjectively delineated, spatially contiguous subregions were considered within the target region, based on geographical/geological units ( Figs Subregion #3 is located in the North, with a prevailing geology made of granite. In this area, floods appear throughout the year with prevailing synoptic flood types. The spring floods are apparently associated with snow as indicated by the daily cycle of some of the events. In this subregion, the meteorological forcing appears to be due to a range of processes, including convective storms in summer as indicated by the slim shape of some of the summer hydrographs. Subregion #2 is located mostly in the Southern-South-Western parts of the pilot region where the geology is made of marl and sandstone. The catchments have more summer floods and flash floods. Finally, in Subregion #1 in the North-Western parts of the pilot region, catchments have even more winter floods than the other subregions. The geology in this subregion is prevailingly formed of gravel and sand. 
Runoff data
Runoff data from 72 catchments were used in this paper. These small and mid-sized catchments have areas in the range of 10.6 to 444.3 km 2 (median: 78.6 km 2 ), while the range of their mean elevations is from 342 to 888 m a.s.l. (median: 571 m a.s.l.). The time resolution of the runoff data was one hour. The basic climatic and physiographic characteristics of the catchments are listed in Table 1 .
Classification of flood generation processes
The classification of flood generation processes used here builds on the flood database of Austria developed and described in detail in Merz and Blöschl (2003) , Merz et al. (2006) and Merz and Blöschl (2009) . For this database, individual flood events were isolated from the runoff records. As a first step of this procedure, base flow and direct runoff were separated by the recursive digital filter of Chapman and Maxwell (1996) . Second, the start and the end of the flood events were identified based on criteria related to the base flow and direct flow at the beginning of the event, at the time of peak and at the end of the event. Finally, in some cases for snowmelt and rain-on-snow events a simple rainfall-runoff model (using hourly rainfall and snowmelt inputs) was fitted to the direct hydrograph to obtain more accurate estimates of event durations and volumes than when directly analysing the observed (and oscillating) direct flow hydrograph (see Fig. 4 ). In 72 catchments of the pilot region this procedure resulted in a total of 25 697 flood events, or an average of ~357 events per catchment. The flood type classification of Merz and Blöschl (2003) was the starting point for the classification used in this paper. They defined five flood categories (long-rain floods, short-rain floods, flash floods, snowmelt floods and rain-on-snow floods) based on the meteorological situation (the spatial extent of the event, the intensity and the type of precipitation, solar radiation etc.) and the state of the catchment (antecedent rainfall, saturation of soils, snow cover, snowmelt etc.) before and during the individual flood events. Gaál et al. (2014) reduced the number of the flood process types from five to three by merging similar categories. Their three classes consist of synoptic floods (originally long-rain and short-rain floods), flash floods (no change in the classification) and snowmelt floods (originally rain-onsnow floods and snowmelt floods). Note that while for previous studies focused on Austria not all events were classified, in this paper we classified all flood events in the database for the pilot region. From this relatively huge dataset, meteorologically and hydrologically independent events were selected for this study. A flood event was considered independent from the previous event if at least one of the following conditions applied:
it began at least 7 days after the end of the previous event, 2.
it followed a period of at least 7 days without significant rainfall (≤ 0.1 mm/h).
The 7-day threshold was motivated by the observation that cyclonic situations in Central Europe do not usually persist longer than 7 days (e.g., Werner and Gerstengarbe, 2010) , so events separated by longer time periods will likely have different atmospheric origins.
The flood event types were identified by first classifying events as snowmelt events, if a snow depth of at least 5 cm was observed in the highest elevation zone of the catchment. The snow depths were based on interpolated station readings from Parajka et al. (2007) . The altitudinal range of the zones was 200 m. From the remaining events, flash floods were selected if all of the following criteria applied:
event occurrence between May and September, 2.
event duration of no more than 5 hours, and 3.
air temperatures during event of at least 15 degrees of Celsius, as an indication of thermal convectivity.
All the remaining flood events were classified as synoptic floods. Note that the occurrence of synoptic flood types is not restricted to the summer period only; they can occur throughout the whole year (and these floods include short-and long-rain floods, cold and warm fronts and orography-induced events).
Before multivariate analysis, the flood peak and the corresponding volume data samples (for annual maxima of floods and associated volumes; for each flood type peaks and associated volumes, respectively) were statistically tested for stationarity and serial independence. Namely, the Mann-Kendall test (Kendall, 1955) was used to detect presence of a trend, while the Ljung-Box test (Ljung and Box, 1978) was used to check whether any of the first m autocorrelations of a time series is different from zero (therefore, the test is sometimes referred to as portmanteau test). As a result, no truly significant violation of both assumptions was found across the region and the few exceptions were further not investigated in detail here, given the regional character of the study, the known properties and the strength of the tests.
A comprehensive analysis of trends in annual maximum floods during last decades in Austria was carried out in Blöschl et al. (2011) . From all analysed stations, only 17% of the gauged catchments showed increasing trends during (with the majority of the stations showing no significant change) with a general tendency for increasing trends in the North, decreasing trends in the South, increasing trends in winter floods in the West and decreasing trends in the SouthEast of Austria.
Concerning our pilot region, no significant trends of floods were detected. At the Steyr and Traun Rivers, the magnitude of the events in years 1897 and 1899 exceeded all those observed during the 20 th century. In Innviertel and the Mühlviertel regions, no trends in floods were detected. In Waldviertel, the 2002 events were the largest ones from the whole observation period. On the upper Danube River, upward trends in the small floods since 1850 can be observed, but no trends in the major floods were detected.
Copula methods and analyses
Empirical copulas and nine frequently used one-parametric copulas from several classes were used in this study. The mathematical background is just briefly summarized since it is treated in detail in a number of papers and, therefore, not repeated here (e.g., Genest and Favre, 2007) .
Copulas split the problem of constructing bivariate probability distributions into two parts: (1) the marginal onedimensional distribution functions and (2) the dependence structure. These parts can be studied and estimated separately and then rejoined to form a joint distribution function. Formally, a bivariate joint distribution function can be written as 
, and the so-called 2-increasing property, which is analogous to the non-decreasing property of a cumulative distribution function in a univariate case. As such, a copula can be viewed as a standardized joint distribution function (Nelsen, 2006 X Y i n = … , using a corresponding empirical distribution function (sometimes referred to as plotting position formula): 
is practically a two-dimensional extension of the univariate plotting position formula:
In this paper, we are interested in the similarity (equality, in statistical sense) of empirical copulas of pairs of flood peaks and corresponding event volumes, which is tested by the approach of Remillard and Scaillet (2009) . It is based on a Cramér-von Mises type of distance measure:
where 1 n C and 2 n C denote two empirical copulas constructed from samples of length n 1 and n 2 , respectively. The probability distribution of S , given that the null hypothesis (H 0 : empirical copulas 1 n C and 2 n C come from the same -unknown -bivariate distribution) holds, is unknown and needs to be bootstrapped. The bootstrap simulations are performed here using the R package TwoCop (Remillard and Plante, 2012) . The result of the similarity testing is a p-value, which is the percentage of how many simulations of the test statistic (under H 0 ) exceeded the estimator from observations. As in Szolgay et al. (2015 Szolgay et al. ( , 2016 we used here the same nine symmetric (in the sense of non-exchangeability) copula types to represent the population of sample flood peak-volume relationships: Clayton, Frank, Galambos, Gumbel-Hougaard, Hüsler-Reiss, Joe, Normal, Plackett and Student-t. These oneparametric copula families are often used in flood studies (e.g., Bezak et al., 2014; Chowdhary et al., 2011; Karmakar and Simonovic, 2009; etc.) . Archimedean copulas are usually favoured for their simplicity. Extreme-value (EV) copulas are particularly appropriate for modelling dependence between extremes of random variables. Elliptical copulas are simply the copulas of elliptically contoured distributions. All Archimedean (except for Frank) and EV copulas are non-symmetric with respect to the secondary diagonal, i.e., low and high extremes have different behaviour. Some of these copulas can model non-zero lower tail or upper tail dependence (Table 2, Fig. 3 ).
All the copulas are single parameter copulas except for the Student t-copula but, for consistency with the other copulas and for the reason of simplicity, we fixed the second parameter (the degrees of freedom) to 4 to make it effectively a single parameter copula and to distinguish it from the normal copula.
The parameter θ controls the degree of association between peaks and volumes and can be directly related to the rank correlation coefficient (e.g., Nelsen, 2006) . The parameter θ was estimated from the flood peak-volume data by maximizing the so-called pseudo-likelihood function The goodness-of-fit of the copulas to the data was tested by one of the 'blanket' tests (as denoted and designed in Genest et al., 2009 , to voice their general applicability with no necessity for strategic choice of any parameters, kernels or weights) with the Cramér-von Mises measure of distance
, ,
between parametric copula C θ and empirical copula n C . The probability distribution of n S , given that the null hypothesis (H 0 : C θ fits well) holds, is, again, unknown and has been bootstrapped. Fig. 3 . The 9 copula types used in this paper. Contours indicate the density of the bivariate distribution. F x and F y relate to flood peaks and event volumes. Copula parameters in each case correspond to Kendall's rank correlation coefficient of τ = 0.67. Note that different values of τ would produce different density of contours.
RESULTS

Flood processes in the pilot region
To illustrate the regional typology of hydrograph shapes and the properties of flood peak-volume relationships, which are at the base of the comparative analysis of the similarity of empirical copulas and suitability of theoretical copulas, Fig. 4 presents all flood hydrographs from the extended flood database for station St. Georgen in Attergau at the stream Dürre Agger, located in Subregion #2 (more precisely, the catchment has one of the southernmost position in central parts of the Subregion 'Traunviertel + Flysh'). The hydrographs of the flash floods show consistent peaky pattern and short durations. The hydrographs of the synoptic and snowmelt floods are more diverse. Some of the snowmelt floods show daily oscillations due to snowmelt. The right column of the panels of Fig. 4 shows a closer association of peak and volumes for the flash floods than for the other flood types, which is a reflection of the more consistent hydrograph patterns. The regional distribution of the per cent flood types for each catchment is shown in Fig. 5 and Table 3 . There is a clear prevalence of synoptic floods (74% of all events). Snowmelt and flash floods constitute 19% and 7%, respectively. Locally, the percentage of the flood types ranges between 51 and 87% for the case of synoptic floods, and 8 and 46%, and 2 and 17% for the snowmelt and flash floods, respectively. The relatively small number of snowmelt floods is due to the modest elevations in the region. The small number of flash floods is partly related to the sizes of the gauged catchments (median of 78.6 km 2 ). If data for smaller catchments were available, the percentage of flash floods would likely increase. The total number of events identified does show a modest spatial pattern. It is largest in the North-West (the Innviertel + Hausruckviertel region), smaller in the South-West (Traunviertel + Flysh) and the smallest in the North-East (Mühlviertel + Waldviertel). The average number of flood events is at the similar level in the two regions on the West (~392 and ~399), while the lowest average can be found in the Mühlviertel + Waldviertel region (~289). These differences are related to the spatial distribution of the typical time scales of floods that have been defined by Gaál et al. (2012) as the ratio of flood volume and peak flow and are presented in the Table 1 . The medians of mean flood time scales for the whole region are about 26, 10 and 36 hrs for synoptic, flash and snowmelt floods, respectively. The shorter the flood time scales, the larger the number of independent events that can be identified. The differences in the flood time scales are related to differences in both climate and catchment response characteristics (Gaál et al., 2012) .
Comparison of the similarity of empirical copulas for different flood types locally
In this part of the analysis, we were interested in whether different flood types, for the same catchment, were distinguishable in terms of their empirical flood peak-volume copulas. The analysis was carried out for each catchment separately and the flood samples of process types were compared pairwise, i.e., synoptic floods vs. flash floods, synoptic floods vs. snowmelt floods and flash floods vs. snowmelt floods in each subregion. A similar analysis was first carried out for the pilot region as whole in Szolgay et al. (2016) .
The results in the spatially contiguous subregions with different geology, which are presented in Fig. 6 , show the same general pattern as found in Szolgay et al. (2016) for the region as a whole, i.e., that synoptic and snowmelt floods could belong more often to the same unknown copula than is the case for the other combinations in each subregion. This feature may be illustrated in the case of the catchment shown in Fig. 4 . When the full data samples are used (middle column in Fig. 4) , the comparison of synoptic and flash floods gives a p-value of 0.004, indicating rejection of the null hypothesis (i.e., the processes are different in terms of their empirical copulas). The same holds true for the comparison of snowmelt and flash floods with p = 0.021. On the other hand, the comparison of synoptic and snowmelt processes results in a p-value of 0.93; Fig. 6 . Results of the comparison of the empirical copulas locally for the original data: per cent ratio of the catchments in each subregion, where the equivalence of the pairs of empirical copulas was rejected at the significance level of α = 0.1.
i.e., one cannot reject the null hypothesis about the equality of empirical copulas. This is also suggested by a pure visual comparison of the scatterplots that indicate that the synoptic and snowmelt floods are more similar to each other than the remaining process pairs; or, in other words, flash floods tend to be more dissimilar from both the synoptic and snowmelt floods (in terms of their empirical copulas). This could be intuitively partly related to a much stronger upper tail dependence of flash floods and their specific (similar) hydrograph shapes (Gaál et al., 2014) . However, the overall rejection rates are rather small and the analysis has not brought really conclusive results for the subsequent selection of theoretical copula models for engineering design, which would logically follow such an analysis in practice. Moreover, the relatively small number of events for such type of analysis in general and the different number of events in the respective flood types in particular, may also play a role.
To illustrate the potential effect of the sample size, subsamples were drawn from the individual (full) data samples. Since at each site, the flash flood category was the one with the lowest number of the flood events, this number was used to define the size of the subsets both from the synoptic and the snowmelt Fig. 7 . Results of the comparison of the empirical copulas locally for the resampled events: per cent ratio of the catchments in each subregion, where the equivalence of the pairs of empirical copulas was rejected at the significance level of α = 0.1. floods at each site. Ten of the total number of 100 subsamples were then kept, where the proximity as expressed by means of the difference in Kendall's τ between the particular subsample and the one corresponding to all data was small. Preserving the rank correlation between floods and volumes means that at each site, we only eliminate the effect of the different sample sizes in a comparison the empirical copulas. The final p-values are then estimated as the median of all 10 subsamples kept for the analysis. Figure 7 presents the results of the test which only compares empirical copulas constructed on the basis of the same number of data pairs at each site. As a result, even the rather low significance of dissimilarity from Fig. 6 is practically lost. There are basically no cases where the empirical copulas were found to be significantly different. This can, again, be intuitively illustrated in the right column of Fig. 4 . None of the p-values from the comparison of flash vs. synoptic (0.327), flash vs. snowmelt (0.253) and of snowmelt vs. synoptic floods (0.915) is significant at the level of α = 0.1. A visual comparison of the scatter plots of subsamples also suggests that the synoptic and snowmelt floods are not as different from the flash floods as in the case of full data sets; therefore, the statistical test is unable to come to significant conclusions.
Overall, the analysis suggests that flash floods are more often distinguishable from the synoptic and snowmelt floods in terms of their empirical peak-volume copulas than the synoptic and the snowmelt floods from each other. In other words, the copulas of synoptic floods and snowmelt floods are slightly more similar than the other process pairs. The length of the data series is, however, an objective factor, which cannot be overcome in the framework of comparative hydrology, when using only observed data (even in the case of a relatively large sample of data pairs of all independent floods). These conclusions are similar to those in Szolgay et al. (2016) formulated for a geologically heterogeneous region; herein, they were shown to be true in three different geological conditions.
A comparison of similarity of empirical copulas for each flood type regionally
Next, a comparison of the empirical copulas for each flood type was performed in each subregion. We were interested in the question, whether different catchments with the same flood type are distinguishable in terms of their empirical peak-volume copulas (Fig. 8) . Within the set of sites in each subregion, and for each flood process separately, pairwise comparisons were carried out. The colour bars of Fig. 8 indicate the per cent ratio of the cases where the null hypothesis about the equality of the empirical copulas for the given flood process was rejected in the given subregion.
It can be seen that the empirical copulas of synoptic floods are the least similar between the catchments within all three subregions. This is a similar behaviour as observed in Szolgay et al. (2016) for the region as a whole. Here it is shown to be the same in the three geologically homogeneous subregions. Spatially, the phenomenon is more pronounced in the SouthWest than in the North-Western and North-Eastern parts of the pilot region.
The highest rejection rates for the synoptic flood processes may seem to be surprising at the first glance. Nevertheless, the higher ratio of rejections of the synoptic events across different pairs of sites in all three subregions could be explained by the more complex temporal rainfall structure (that is the mix of long-and short-rain flood processes in the dataset), resulting in a lower degree of similarity between the different events. In the case of flash and snowmelt floods, the difference between the process types is smaller; the analysis suggests that most catchment pairs, for a given flood type are practically not distinguishable in terms of their empirical peak-volume copulas regardless of the geological conditions. Moreover, dissimilarity may become more pronounced, when the sample size is larger, as it is in the case of synoptic floods when compared to the other two flood types. Since the similarity/dissimilarity patterns in the results seem to more or less similar for each geological setting, they could be attributed to the length of the available data series. Therefore, similarly as in the previous sub-section, an experiment with the resampled data sets was conducted. For a given catchment, the numbers of synoptic, flash and snowmelt floods were equal. Within the set of such sites in each subregion, and for each flood process separately, pairwise comparisons were carried out. The colour bars in Fig. 9 indicate the per cent ratio of the cases where the null hypothesis about the equality of the empirical copulas for the given flood process was rejected in the given subregion.
Overall, the analysis suggests that most catchment pairs, for a given flood type, are not distinguishable in terms of their empirical peak-volume copulas in the resampled data space. The results also show that the differences in the rejection rates between the process types are small for all three geological settings, although the flash floods do show slightly less spatial homogeneity.
The experiment with the subsampled data sets, again, suggests that the length of the data series is a factor, which cannot be neglected in the framework of comparative hydrology and is restricting the usefulness of such an approach in practice. A more detailed analysis of the phenomenon is beyond the goals of the present study and could possibly be investigated only using stochastically simulated data (e.g., Grimaldi et al., 2016) .
The effect of the sample size on the goodness-of-fit of copula types Szolgay et al. (2016) examined the question what copula types fit the flood peak-volume data of individual catchments best, separately for seasonal floods and the three individual flood types, in the whole region and the subregions, using the full data set of independent floods. It was concluded that modeling dependence structure by treating flood processes separately in a regional context may prove beneficial with respect to narrowing the choice of acceptable models. However, results indicated that even the relatively large sample size of the process-based dataset of independent flood events (when compared to sample sizes of the commonly used pairs of annual maxima of flood peaks and respective event volumes) may not help to overcome some difficulties in restricting the choice of acceptable models in engineering studies. This problem is further examined here.
As a basis for comparison and for the illustration of the usefulness of using a larger dataset, in Fig. 10 the goodness-of-fit tests of the nine copula types at the 72 catchments for annual maximum floods are shown. These annual maxima of floods and their respective volumes are derived using different approaches: (i) in a traditional way, i.e., with no information about the flood process types, and (ii) for the annual maxima of each flood process type separately. The copula types (each bar represents a copula type) are organized alphabetically. Black colour indicates the percentage of p ≤ 0.05, i.e., a rejection of the null hypothesis H 0 .
For annual maxima of flood events, the general pattern of the overall regional acceptance rate of particular models is in general the same as in the case of all independent floods reported in Szolgay et al. (2016) ; however, the rejection rates are lower in the whole region in almost each case. (Note, that in some cases the available data was not sufficient to reliably fit a particular model.) Except for the Clayton and Joe copulas, all models could succeed in a particular engineering case study. This is to be attributed to the low number of events and less to the mixture of events types in the data samples of annual flood maxima, as it will be shown below. This can have severe consequences, when the copulas are used for prediction, and the prediction uncertainty due to the model choice would not be taken into account in the design. In Figs. 11-13 we show the results of the goodness-of-fit tests of floods from the database of all independent floods for the three flood types in the region and also for the three subregions separately, respectively. The unique feature of Figs. 11-13 is that beyond the sets including all catchments (for the particular flood type and region/subregion), also halves of these sets constructed on the basis of the median value of the sample sizes are analysed. For instance, in Subregion #1 that consists of 24 catchments, the median size of the synoptic floods is 319. The rejection rates for a particular copula type in Fig. 11 are therefore evaluated for (i) the entire set of 24 catchments (black bars), (ii) for the set of 12 catchments where the number of synoptic flood events exceed 319 (dark blue bars), and (iii) similarly, for the set of 12 catchments with the number of synoptic flood events below 319 (light blue bars). The colour bars indicate the percentage of p ≤ 0.05, i.e., a rejection of the null hypothesis H 0 . The copula types (each column represents a copula type) are organized alphabetically.
The rationale behind such an analysis is, again, to examine the effect of the sample size on the rejection rates; however, only using the existing 'real' data, without any resampling experiment (see the previous two sub-sections). Note that the black bars only serve as a basis for comparison since they repeat the results from Szolgay et al. (2016) . The analyses suggest that, for synoptic and flash floods, the extreme value copulas (Galambos, Gumbel and Hüsler-Reiss) tend to perform better than the others. For snowmelt floods, the Frank copula shows the best fit. On the other hand, the Clayton and the Joe copula often show poor performance.
When comparing the rejection rates for cases with sample sizes above/below the median we can conclude, that for larger samples (i.e., for the case 'above the median'), in general, the selectivity of the test increased (with a few exception in the case of snowmelt floods in Subregions #2 and #3). This also means, that with the increase of information on the variability of flood typology we cannot give a straightforward recommendation for a regionally/subregionally acceptable model (within the region and set of models considered here). This fact also indicates that less data really broadens the model choice both in the region as a whole and in its subregions. On the contrary, for the practitioners, this also means that the set of models considered here (and preferred due their relative simplicity in many copula studies) may not be adequate for the variety of flood shape types and other copula models may be needed to be considered. Alternative copula models include, e.g., vine copulas, which allow for constructing a multivariate copula based on the mixing of bivariate copulas (e.g., Gräler et al., 2013; Pham et. al., 2015; Vernieuwe et al., 2015) or entropy copulas, which integrate the concept of copulas with the principle of maximum entropy (i.e., the entropy variables are mutually independent from each other; AghaKouchak, 2014).
DISCUSSION AND CONCLUSIONS
The analysis suggests that, when empirical copulas for different flood processes are compared locally at each site, flash floods are more often distinguishable from synoptic and snowmelt floods than are synoptic and snowmelt floods from each other in the given region and its subregions of Austria. It is important to note that the sample size played a key role in deciding whether empirical copulas can be regarded as different or not. In the answer to the first science question when the test of Remillard and Scaillet (2009) was adopted for the full data sets, we observed significantly different empirical copulas in a number of cases. When subsamples were drawn to verify the conclusions, however, the test showed decreased ability to yield significant results. These findings could support the choice of common theoretical models in the region/subregions in engineering applications or support the merging data from similar catchment to aid that. It is therefore concluded that analyses like this should rather be based on data sets (1) that are much larger, and (2) which have comparable sizes for different flood types. In the current analysis, the samples of flash floods did not meet any of the suggested criterions. For the future, it is advised to analyse data sets that are more balanced in terms of sample size, e.g., data gained in simulation studies through the combination of stochastic rainfall generators with rainfallrunoff models (Grimaldi et al., 2016) .
Therefore, we conclude in general, that the findings (along with the results of the goodness-of-fit test of copula types) suggest that there is less value in the concept of process-based comparative at-site analysis of empirical peak-volume relationships than may be expected. The stratification of the data by processes will invariably reduce the sample size, so some spatial pooling or data extension by simulation will be required in practical applications in order to limit the sampling uncertainty.
The second science question discussed the similarity of empirical peak-volume dependence structures between catchments for a given flood type that were analysed regionally and subregionally. The outcomes of the analysis suggest that, for a given flood type, the majority of catchment pairs is not distinguishable in terms of their empirical peak-volume copulas. This finding supports some doubts whether regional process-based pooling of catchments can be attempted only on the basis of flood process types based on real life sizes of data samples.
The third science question revolved around copula types that are most suitable for a given flood process type. Small differences between copula types were found here for the case of annual maxima of floods. The differences in suitable copula types between flood processes do suggest that there is (limited) merit in treating the flood types separately when analysing and estimating flood peak-volume copulas and using all independent floods. Obviously, smaller sample sizes make it difficult to distinguish between copula types. As a general recommendation resulting from this study, it is advisable to select models from the extreme value class of copulas (in the given region).
Answers to the fourth question support our conclusion formulated in Szolgay et al. (2016) with new and spatially differentiated results with respect to the usefulness of a comparative treatment of the model choice problem. Based on the results, it can be concluded that modeling dependence structure by treating flood processes separately in a regional context may, to a limited extent, prove beneficial with respect to narrowing the choice of acceptable models; nevertheless, it was also shown that beside the more detailed differentiation of the flood types and subregions, the sample size introduces into the selection of the model a larger degree of uncertainty than expected in Szolgay et al. (2015 Szolgay et al. ( , 2016 , which does not make the task easier for an analyst in engineering studies in practice.
As shown in a comparative hydrology framework, the choice of the copula model that best fits the observed data and is regionally acceptable in terms of flood typology, is not a trivial issue, even if more than statistical aspects are taken into consideration since the lack of sufficient data makes the analysis difficult. It was also shown that with increasing data availability the commonly used model choice needs to be revisited and models which would better reflect the variability in flood wave shapes have to be tested. This supports Favre et al. (2004) and Serinaldi and Kilsby (2013) , who emphasized that further work is needed to choose the best copulas capable of reproducing the dependence structure of multivariate hydrological variables.
Uncertainties inherent in the copula-based bivariate frequency analysis itself (caused, among others, also by the relatively small sample sizes for consistent copula model selection, or upper tail dependence characterization, etc.) may not be overcome in the scope of such a regional comparative analysis even in the case of using all available independent flood events differentiated by processes. Based on this comparative study and results of other more advanced studies (e.g., Serinaldi, 2013 Serinaldi, , 2015 it can be concluded that if reliable predictions are required for an important engineering application, the benefits of regional bivariate frequency analysis methods could be further explored (e.g., Ben Aissia et al., 2015) or the potential of the combination of rainfall generators, rainfall-runoff models, analysis of historical floods and advanced statistics considering uncertainty might be utilized as, e.g., in Grimaldi et al. (2016) .
